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Edited by Horst FeldmannAbstract Several factors at transcriptional, post-transcrip-
tional or post-translational level determine the fate of a target
protein and can severely restrict its yield. Here, we focus on
the post-transcriptional regulation of the biosynthesis of the peri-
plasmic protein, penicillin amidase (PA). The PA mRNA stabi-
lity was determined under depleted RNase conditions in strains
carrying single or multiple RNase deletions. Single deletion of
the endonuclease RNase E yielded, as the highest, a fourfold sta-
bilization of the PA mRNA. This eﬀect, however, was reduced
twice at post-translational level. The RNase II, generating
secondary exonucleolytic cleavages in the mRNA, although not
signiﬁcantly inﬂuencing the PA mRNA decay, led also to an
increase of the amount of mature PA. The non-proportional
correlation between increased mRNA longevity and amount of
active enzyme propose that the rational strategies for yield
improvement must be based on a simultaneous tuning of more
than one yield restricting factor.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The level of gene expression is determined, in general, by the
balance of three factors: (1) the eﬃciency of transcription of
DNA into messenger RNA (mRNA), (2) the intracellular con-
centration and stability of mRNA and ability to be translated
into proteins, and (3) the post-translational regulation of
the protein yield. The genetically and physiologically well-
characterized bacterium Escherichia coli is the most attractive
and commonly used host system for homologous and heterol-
ogous expression of proteins. High translation rates and large
amount of mRNA generated from strong and tightly regulated
promoters can enhance the protein productivity often at the
expenses of the growth of the host system [1]. However, the
inherent instability of prokaryotic mRNAs has been a major
obstacle to the proﬁtable industrial production of proteins in
microorganisms.
Ribonucleases (RNases) are the enzymes that degrade RNA
and they can rapidly modulate the levels of mRNA [2,3]. From
the close to 20 diﬀerent RNases identiﬁed in E. coli, only few*Corresponding author. Fax: +49 40 42787 2127.
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doi:10.1016/j.febslet.2005.08.018have been shown to be directly involved in the process of
mRNA decay. It is widely accepted that mRNA decay is initi-
ated by a series of endonucleolytic cleavages by RNase E and
RNase III, followed by a successive exonucleolytic degrada-
tion of the mRNA fragments to mononucleotides by RNase
II and PNPase [3]. RNase R, an RNase II homologue, is
another exoribonuclease that has been recently described to
aﬀect the decay of mRNA transcripts, in particular, of mRNA
fragments with extensive secondary structure, and some small
RNAs [4,5]. Deactivation of single or multiple RNases aﬀects
the longevity of the bulk intracellular mRNA and this
approach has been crucial in understanding the mechanisms
of mRNA decay [6].
In this paper, using the industrially important enzyme peni-
cillin amidase (PA) from E. coli ATCC 11105, we have ana-
lyzed its mRNA stability and expression pattern in RNase
mutant strains. The E. coli pac gene encodes a pre-pro-PA pre-
cursor (97 kDa) consisting of an N-terminal signal peptide
(pre-sequence) that mediates the translocation through the
cytoplasmic membrane via the Tat pathway. The intramolecu-
lar pro-sequence (54 amino acids; known also as spacer or lin-
ker peptide) ﬂanks the C-terminus of the A-chain (23 kDa) and
the N-terminus of the B-chain (62 kDa) and acts as an intrinsic
folding catalyst mediating the folding of the cognate hydrolase
domain [7]. Upon completion of folding, the pro-sequence is
cleaved oﬀ in a series of intramolecular (autoproteolytic) or
intermolecular reactions and the protease domain is kinetically
trapped in a stable native conformation [7]. A complex regula-
tory network at post-translational level limits signiﬁcantly the
yields of mature PA [8]. Optimization of the host/vector sys-
tems and operational conditions has signiﬁcantly improved
the yields of active PA [9,10], but the limitation at post-tran-
scriptional level, particularly the stability of the PA mRNA
and its impact on the protein yields, is not well understood.
Here we discuss, based on studies on PA mRNA decay under
depleted RNase conditions, possible strategies to improve the
production of the active enzyme.2. Materials and methods
2.1. Bacterial strains and growth conditions
The pPAEC (CmR) plasmid bearing the E. coli ATCC 11105 pac
gene was constructed as already described [8]. The RNase mutants
(Table 1) used as expression hosts of the pPAEC plasmid were all iso-
genic and were derived from the E. coli K-12 parental strain MG1693.
In the CMA501 strain the rne deleted gene (rne-131 allele) was trans-
ferred to MG1693 strain by P1 transduction, according to the method
described by Miller [11]. Transformed E. coli host strains were grownblished by Elsevier B.V. All rights reserved.
Fig. 1. Stability of the PA mRNA transcripts in the wild-type
(MG1693) strain and in a depleted RNase(s) background from one
representative experiment. Each mutant strain is referred by the
RNase(s) whose function is depleted. The time (in minutes) after
rifampicin addition is shown at the left.
Table 2
PA mRNA decay in the wild-type and diﬀerent RNase(s) depletion
strains
Strain Half-life time (min)a
MG1693 2.8
CMA501 (RNase E) 12.1
SK7622 (RNase III) 2.4
Table 1
E. coli strains used in this study
Strains Genotype Reference
MG1693 thyA715 [18]
SK5704 thyA715 rne-1ts pnp-7 rnb-500ts [6]
CMA501 thyA715 rne-131 This work
HM103 thyA715 Drnb::tetR, rnr::kanR [4]
HM104 thyA715 rnr::kanR [4]
CMA201 thyA715 Drnb::tetR [19]
SK5691 thyA715 pnp-7 [6]
SK7662 thyA715 Drnc-38::kanR [20]
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supplemented with thymine (50 lg/ml), 0.1 g/L CaSO4 and chloram-
phenicol (25 lg/ml), as a plasmid selection marker [10]. The cultures
were induced with 0.5 mM IPTG at OD600 = 0.7. Tetracycline
(10 lg/ml) and kanamycin (40 lg/ml) were added to the growth med-
ium, when needed (see Table 1). Harvested cells were homogenized
by sonication in phosphate buﬀer, pH 7.5, I = 0.01 (Branson soniﬁer
W 450 for 10 min with 50% duty cycle at 4 C) or fractionated in peri-
plasmic and cytoplasmic fractions by the cold osmotic shock procedure
[12].
2.2. mRNA isolation and dot blot hybridization
Strains were grown at 30 C in LB medium with the corresponding
supplements. The PA biosynthesis was induced with 0.5 mM IPTG in
the early exponential phase (OD600 = 0.4) and cells were further incu-
bated to OD600 = 0.7. At this OD, transcription was inhibited by the
addition of rifampicin (500 lg/ml) and nalidixic acid (20 lg/ml), as pre-
viously described [6], and samples were withdrawn at the indicated
times. For temperature sensitive mutants the corresponding RNase
was deactivated by shift to the non-permissive temperature of 44 C,
at the time of induction. The control strain MG1693 was tested at
30 and 44 C. Total cellular RNA was extracted and processed as pre-
viously described [13]. Samples containing 10 lg of total mRNA were
blotted onto a nitrocellulose membrane and hybridized with a a-32P-
labelled probe complementary to the entire pac-coding region. The
blotting procedure and the RNA quantiﬁcation were performed as
previously described [13]. The half-life times were determined from
the linear regression of the optical density decrease of the total mRNA
hybridised with the pac probe after addition of rifampicin.
2.3. Electrophoresis and immunoblotting
Proteins were resolved on a 12% SDS–PAGE and bands with PA
origin were detected by immunoblotting with monoclonal antibodies
after transfer onto PVDF-membrane. Goat anti-mouse IgG (H + L)
with a coupled alkaline phosphatase was used to develop the immuno-
blots (Immun-blot Assay Kit, Bio-Rad, Germany). The calculation of
relative optical density of the bands of interest from the immunoblots
was performed using the program ONE-Dscan (1994; Scananalytics,
A division of CSPI, Bilterica, MA, USA) and was related to the inten-
sity of PA and pro-PA standards.
2.4. Determination of enzyme activity
PA activity in the cell homogenate or puriﬁed periplasmic fraction
was determined by a spectrophotometric assay with the chromogenic
substrate 6-nitro-3-phenylacetamido benzoic acid, as already described
[14]. Pure PA with a concentration of 1 mg/ml causes an absorbance
change per minute (DA380/min) of 3.0.SK5691 (PNPase) 3.1
CMA201 (RNase II) 3.6
HM104 (RNase R) 3.0
HM103 (RNase II RNase R) 4.1
MG1693b 3.3
SK5704 (RNase E PNPase RNase II)b 9.4
aStandard deviation less than 10%. The values are mean values from
2–4 independent RNA extractions followed by 2–3 repetitions of the
blots.
bTemperature shift to 44 C activated the temperature-sensitive (ts)
mutation; The control strain MG1693 was also shifted to 44 C for a
background comparison with the ts mutants.3. Results and discussion
3.1. PA mRNA decay in RNase deletion strains
To address the impact of the mRNA stability on the PA
expression yields we have analyzed the degradation of PA
mRNA in diﬀerent RNase mutants. The most remarkable sta-
bilization was achieved in the RNase E depleted background
(CMA501) and in the strain bearing the combined deletionof RNase E, PNPase and RNase II (SK 5704) (Fig. 1, Table
2). The half-life time of the PA mRNA increased up to four-
fold compared to the wild-type strain (Table 2). Although
the stabilization in the triple mutant was less pronounced than
in the single RNase E mutant, the temperature shift as a source
of this eﬀect can be ruled out, since the mRNA decay in the
control strains was not inﬂuenced at elevated temperatures
(44 C).
The rate-limiting step in the degradation of most E. coli
mRNAs is thought to be an endonucleolytic cleavage by
RNase E, which is an essential protein, and a complete dele-
tion of the rne gene alters the viability of the cell [2]. The
expression of several prokaryotic and eukaryotic genes, tran-
scribed in E. coli from T7 promoter, has been signiﬁcantly
boosted in a temperature sensitive (ts) mutant (rne-1 allele)
and a partial deletion mutant (rne-131 allele) [15,16]. In this
work, the constructed RNase E depletion strain (CMA 501)
has the rne-131 allele in the MG1693 background. The
mutation yields a metabolically stable polypeptide lacking
the last 477 residues of RNase E. The mutation resembles
the N-terminal conditional mutation rne-1 in stabilizing
S.C. Viegas et al. / FEBS Letters 579 (2005) 5069–5073 5071mRNAs, both in bulk and individually, but diﬀers from it in
leaving rRNA processing and cell growth unaﬀected.
The role of RNase III in the degradation of the pac template
is not essential, as under deleted RNase III conditions
(SK7622) the half-life of the pac message did not increase
(Table 2).
Single deletions of any exoribonucleolytic activity (RNase
II, PNPase or RNase R) were unable to stabilize the PA mes-
sage most probably because of the substitutional eﬀect between
them (Fig. 1, Table 2). In the RNase II/RNase R double mu-
tant (HM103), in the ﬁrst time points the transcripts showed
the same abundance as in the corresponding single mutants,
but the PA mRNA decay was slightly retarded in the double
mutant (Fig. 1) resulting in a stabilization of the transcripts
(Table 2). This eﬀect at the mRNA level, although not signif-
icant, was repeatedly observed in all independent repetitions.
3.2. Post-translational eﬀects of the PA mRNA stabilization
If the protein expression is controlled mainly post-transcrip-
tionally, at the RNA level, an increased amount of mRNA will
lead to an enhanced protein production. Since the yield of ac-
tive PA is restricted by a complex post-translational regulatory
network [8], the question arises whether the enhanced longev-
ity of the PA transcripts will lead to a higher protein produc-
tion. We addressed this question with a second group of
experiments comprising studies on the PA expression pattern
in RNases depleted conditions. The expression in the triple
mutant SK5704 produced a very low yield of PA-precursor.
The pre-pro-PA is sensitive to intracellular proteolytic degra-
dation especially driven at elevated temperatures (over 34 C)
[12]. An expression carried out at non-permissive temperature
(44 C) yielded no active PA in the wild-type strain MG1693,
although a signiﬁcant amount of mRNA was detected
(Fig. 2). The enhanced mRNA longevity in the strain
SK5704 could partly overcome the proteolytic degradation0
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Fig. 2. PA expression pattern under depleted RNase conditions. Cells cult
obtain a homogenate and immunoblotted with monoclonal antibodies. The
bars; right axis) bands of the wild-type strain MG1693 cultivated at permissiv
from three to four independent cultivations. The ts mutations were activatedof pre-pro-PA at this elevated temperature and a small fraction
of the precursor was still processed to active PA (Fig. 2).
At permissive temperature the highest amount of active PA
was measured in the RNase E and RNase II deletion strains
(Fig. 2) which seems to be due to two diﬀerent phenomena.
In the case of RNase E, the fourfold boosted PA mRNA pro-
duction was reduced post-translationally to a twofold increase
of the amount of mature PA. The unspeciﬁc intracellular deg-
radation of the newly translated pre-pro-PA increased in the
depleted RNase E background compared to the parental
MG1693 strain, as detected on the immunoblots (data not
shown). On the boosted mRNA production the cell responds
obviously with increased intracellular proteolytic activities
decreasing thus the yield of the translated product. Neverthe-
less, the enhanced longevity of the PA mRNA transcripts in
the CMA501 strain compensated the increased post-transla-
tional degradation of pre-pro-PA, resulting in higher amounts
of mature PA.
In the RNase II deletion strain, although the PA mRNA
longevity was not signiﬁcantly enhanced (Table 2), it seems
that this stabilization eﬀect was further ampliﬁed post-transla-
tionally and a 1.5-fold increased amount of the PA precursor
was detected (Fig. 2). The PA expression level in RNase II
and RNase R strains was comparable (Fig. 2) in accordance
to the data about the stability of the mRNA (Table 1,
Fig. 1). The RNase II and RNase R double deletion strain,
although higher amounts of PA precursor were synthesized,
yielded almost the same PA amount as in the strains with
the single deletion (Fig. 2). In these strains with depleted exo-
nuclease activities, the intracellular degradation of the pre-pro-
PA was reduced compared to the control strain as observed on
the immunoblots (data not shown). However, unprocessed
PA-precursor accumulated in the cytosol and could not eﬃ-
ciently mature to active PA. Calcium limitations, shown to
be a yield limiting factor in the PA-production [10], can beR
elative
 PA
 intensity
I
 
II R
Na
se
 
R
MG
16
93
RN
as
eE
,PN
Pa
se
,RN
as
eII
0
0.5
1
1.5
2
2.5
3
3.5
4
44oC
ivated in complex medium were induced for four hours, sonicated to
relative intensity of PA precursor (gray bars; left axis) and PA (white
e temperature was taken as 1. The standard deviations were calculated
by a temperature shift to 44 C at the time of induction.
5072 S.C. Viegas et al. / FEBS Letters 579 (2005) 5069–5073ruled out to be a source of the incomplete maturation since a
balanced complex nutrient medium was used in these expe-
riments. Another plausible explanation could be a restriction
by the secretory pathway of the cell since the maturation of
PA is coupled to the translocation [8,12]. Depletion of the exo-
nucleolytic functions although connected to a decrease in the
intracellular proteolytic activity did not signiﬁcantly increase
the yield of mature PA and the increased precursor ﬂux was
restricted by another secondary post-translational process.
The level of bulk intracellular RNases can be aﬀected by the
medium composition or other environmental factors altering
the cell growth rate, supporting the notion that mRNA decay
is principally a mechanism for increasing the ability of the cells
to adapt to environmental stimuli [2]. Therefore, we analysed
the eﬀect of a change to a poor nutrient medium in the expres-
sion of pac gene in the RNase II and RNase E depleted
mutants (Fig. 3). Notably, these two RNases possessing theA
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Fig. 3. Combined eﬀect of RNase(s) depletion and medium compo-
sition. (A) RNase E (closed circles) and RNase II (open triangles)
deletion strains were cultivated in minimal medium. The PA-activity
was measured in the homogenates and is presented as speciﬁc activity
after normalization to the optical density of the cells (mg PA/OD600/L).
The parental MG1693 strain (closed triangles) served as a control. (B)
PA expression pattern after 6 h induction in complex (LB) and 9 h in
minimal (M9) medium. The PA precursor (cytoplasmic fraction; gray
bars; left axis) and PA (periplasmic fraction; white bars; right axis)
bands were speciﬁcally detected by immunoblotting after fractionation
of the cells. The standard deviations were calculated from three
independent experiments. The intensities of the PA precursor and PA
bands in the parental MG1693 strain cultivated in LB medium were
taken as 1, respectively.highest impact on the PA production, show the most dramatic
expression changes dependent on the medium composition
[17]. Cultivation of both RNase deletion strains in minimal
medium yielded an almost twofold increase of the PA-activity
compared to the control strain MG1693 (Fig. 3A). The mea-
surements of PA activity, although they are conclusive for
the amount of mature active PA, cannot judge the reason of
observed activity increase. To address this question we frac-
tionated the cells and studied the partitioning of diﬀerent
PA-forms in the cytoplasm and periplasm by immunoblotting
(Fig. 3B). In the RNase E depleted background the same ten-
dency was observed as in the control strain MG1693: a cultiva-
tion in medium without proteinaceous substrates yielded an
almost 50% enhancement of the amount of mature PA without
a detectable increase of the accumulated pro-PA in the cyto-
plasm (Fig. 3B). In a minimal medium the bulk intracellular
proteases are downregulated [8] leading thus to an increase
of the yield of mature PA. In contrast, in the RNase II deletion
conditions, the enhanced PA amount in minimal medium
seemed to be at the expense of the PA precursor. Sources of
this eﬀect could be the downregulated expression in minimal
medium of either the intracellular bulk proteases [8] or of the
non-depleted RNases of the expressing host [16,17].4. Conclusions
The cost-eﬀective increase of the production of a recombi-
nant protein can be achieved by enhancement of the produc-
tion of the active protein per cell. Altering the rate of the
mRNA decay by depletion of the function of participating
nucleases could be an eﬃcient step in increasing the mRNA
longevity and therefore its translational availability. However,
for proteins whose yields are severely restricted at post-
translational levels the degree of mRNA stabilization is not
proportional to the enhancement of the active protein. With
our model system we show that a depletion of an endonucleo-
lytic (RNase E) rather than an exonucleolytic (RNase II) func-
tion seems to be a better working strategy since it yielded the
highest mRNA stabilization and the highest amount of the ac-
tive PA. A shift to the poor nutrient medium has been shown
to deplete some nucleolytic and proteolytic activities in the
cell [7,16], stabilized additionally the PA-transcripts post-
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